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SUMMARY 

Flat  corrugated  graphite-epoxy  panels were t e s t ed   i n   compress ion   t o   ve r i fy  
se lec ted   des ign   de ta i l s  of a r ing - s t i f f ened   cy l inde r   t ha t  w a s  designed to   suppor t  an 
axial  compressive  load  of 157.6 kN/m without   buckl ing.   Three  different   s izes   of  
subcomponent panels w e r e  t e s t e d   t o   v e r i f y   ( 1 )   t h e   b u c k l i n g   s t r e n g t h  of t h e   s h e l l  w a l l  
between r ings ,  ( 2 )  the  load-introduct ion method a t  the  cylinder  edges,  ( 3 )  t h e   e f f e c t  
of a long i tud ina l   j o in t   i n   t he   cy l inde r  w a l l  on the  buckling  behavior,  and  (4)  the 
s t rength  of the  ring-attachment method. The shell-wall   design w a s  modified t o  pre- 
vent  premature crown buckling  and  the  results of subsequent tests i n d i c a t e   t h a t   t h e  
modif ied  shel l -wal l   design,   the   longi tudinal   joint ,   the   load-introduct ion method,  and 
the  s t i f fener-at tachment  method for   the  proposed  cyl inder   have  adequate   s t rength  to  
support  the  design  load. 

INTRODUCTION 

Minimum-mass s t ruc tu ra l - s i z ing  computer  codes ( r e f s .  1 and 2 )  can  provide  pre- 
l iminary   des igns   for   s t ruc tures   tha t   a re   requi red   to   suppor t  a desired  load  without 
buckl ing  and  can  sat isfy  constraints  imposed by the  designer .  However, nonl inear  
modal i n t e rac t ions   a s  w e l l  a s   t h e   e f f e c t s  of geometric  variations  not  included i n  the  
des igner ' s   o r ig ina l   cons t ra in ts   could   l ead  t o  premature  buckling.  Lightly  loaded 
s t r u c t u r e s  become especial ly   sensi t ive  to   these  geometr ic   and  nonl inear   effects  
( r e f .  3) because  they  have  thin gage sect ions.  One such  l ight ly   loaded  s t ructure  
with  very  thin  wall  dimensions is an  open-corrugation  graphite-epoxy  ring-stiffened 
cy l ind r i ca l   she l l ;  it was designed by using a minimum-mass s t ruc tu ra l - s i z ing  code t o  
support  157.6 kN/m i n   a x i a l  compression  without  buckling. The cons t r a in t s  imposed on 
the  design  include  local  buckling of the  corrugat ion crowns  and webs, panel-type 
buckling  between  r ings,   general   instabil i ty of the   r ing-s t i f fened   cy l inder ,  minimum 
gage,  and maximum s t r a i n .   D e t a i l s  of the  cylinder  design  and of t he   f ab r i ca t ion  
process  are  given i n  references 4 t o  6. To ve r i fy   s e l ec t ed  details of the  cyl inder  
des ign ,   th ree   d i f fe ren t   s izes  of subcomponent panels ,   wi th   the same basic   corrugat ion 
geometry, were t e s t ed :  ( 1 )  60.96-cm-long by 45.72-cm-wide panels   to   eva lua te   the  
local   buckl ing  s t rength of the  shell-wall   design, ( 2 )  91.44-cm-long by 45.72-cm-wide 
pane l s   t o   eva lua te  a l ong i tud ina l   j o in t  and the  load-introduction method,  and 
( 3 )  254.0-cm-long by 91.44-cm-wide panels   with  four   s imulated-r ing  s t i f feners   to  
evaluate  the  ring-attachment method. The r e s u l t s  of t h e s e   t e s t s   a r e   p r e s e n t e d   i n  
th i s   r epor t .  

TEST SPECIMENS 

The p a n e l s   t e s t e d   i n   t h i s   i n v e s t i g a t i o n  were f ab r i ca t ed  from  commercially  avail- 
able  graphite-epoxy  preimpregnated  tapes. The tapes were made of un id i rec t iona l  
Union Carbide  Thornel 300 graphi te   f ibers   preimpregnated  with Narmco 5208 epoxy 
res in .  Nominal p l y   p r o p e r t i e s   f o r   t h i s  material are given i n   t a b l e  1 and more exten- 
s ive  material and  mechanical  property  data  for  the  panels  are  found  in  references 4 
through 6. 



Shell-Wall  Panels 

Four 60.96-cm-long  by  45.72-cm-wide  shell-wall  panels  were  tested  to  assess the 
local  buckling  strength  of  the  shell-.wall  design. Two of these  panels,  designated 
1-24  and  2-24,  were  built  to  the  preliminary  design  specifications  generated  by  a 
minimum-mass  structural-sizing  code.  These  two  panels  had  four Oo plies  in  the  cor- 
rugation  crowns  and  the  geometry  is  shown  in  figure l(a). The  remaining  two  shell- 
wall  panels,  designated  3-24  and  4-24,  had  five Oo plies  in  the  corrugation  crowns  as 
indicated  in  figure l(b). A photograph o f  a  typical  shell-wall  panel  appears as 
figure 2. 

Longitudinal-Joint  and  Load-Introduction  Panels 

Two 91.44-cm-long  by  45.72-cm-wide  longitudinal-joint  and  load-introduction 
panels,  designated  1-36  and  2-36,  were  fabricated  with  five Oo plies  in  the  corruga- 
tion  crowns  as  shown  in  figure l(b). Geometric  details  of  these  panels  are  shown  in 
figure 3 and a  photograph  of  a  typical  specimen  is  shown  as  figure 4. There  were  two 
principal  objectives  in  testing  these  panels:  The  first  was  to  evaluate  the  strength 
and  stiffness of a  longitudinal  joint  in  one  of  the  corrugation  crowns  and  the  second 
was  to  verify  the  integrity  of  the  load-introduction  method  used  to  transfer  the  load 
into  the  corrugated  wall. 

To  make  the  longitudinal  joint,  a  room-temperature-curing  adhesive  and  fiber- 
glass cloth  with  no Oo graphite-epoxy  plies  were  used.  Glass  cloth  was  used  to  match 
the  sti€fness  of  the  corrugation  crown  with  the  joint  to  the sti€fness of the  other 
crowns  without  joints.  Details of the  longitudinal  joint  are  given  in  references 4 
to 6 and  shown  in  figure 3 .  

To verify  the  integrity  of  the  load-introduction  method,  scalloped  aluminum 
load-introduction  .fixtures  were  bolted  to  the  corrugation  crowns  (fig.  3)  in  order to 
transfer  the  applied  edge  load to the  corrugated  shell  wall.  The  crowns  under  the 
load-introduction  fixtures  were  reinforced  with  additional 00 graphite-epoxy  plies 
that  tapered  down  to  the  basic  shell-wall  geometry  as  shown  in  figure  3  and  described 
in  references 4 through 6. 

Stiffened  Panels 

Two  254.0-cm-long  by  91.44-cm-wide  stiffened  corrugated  panels,  designated  1-100 
and  2-100,  were  tested  to  evaluate  the  ring-attachment  method.  Geometric  details  of 
the  panels  are  shown  in  figure 5 and a photiograph of a  representative  panel  is  pre- 
sented  as  figure 6. The  stiffeners  were  riveted  and  bonded  to  the  corrugation  crowns 
as  described  in  reference 4. These  test  specimens  were  designed  to  have  buckling 
modes  characteristic of the  general  instability  modes  of  the  cylinder. 

APPARATUS  AND  TESTS 

The ends  of  panels  1-24  through  4-24  and  panels  1-100  and 2-100 were  potted  in 
an  aluminum-filled  epoxy  and  then  machined  flat  and  parallel.  The  scalloped  alumi- 
num  load-introduction  fixtures  attached  to  the  loaded  ends of panels  1-36  and  2-36 
were  machined  flat  and  parallel.  The  flat  ends  of  the  panels  were  loaded  by  a 
hydraulically  controlled  displacement of the  test  machine  platens.  At  about  10  per- 
cent  of  design  load,  the  upper  test-machine  platen  was  aligned  with  the  test 
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specimens un t i l   t he   l ong i tud ina l   s t r a ins  a t  the  midlength  of  the  panel were within a 
few percent  of each  other. A survey of the  test r e s u l t s   a t  50 percent of  design  load 
on a typ ica l   pane l  showed tha t   the   s t ra ins   across   the   mid length  of the  panel  were 
within f5 percent  of the  average  s t ra in .  

The unloaded  edges  of  panels 1-24 through 4-24 and 1-36 and 2-36 were supported 
by ful l - length  knife-edge  f ixtures   that   provided a simple-support  edge  condition. 
However, the  unloaded  edges of panels 1-100 and 2-100 w e r e  supported by knife-edge 
f ix tu re s   l oca t ed  between the   s imula ted- r ing   s t i f feners  t o  provide a simple-support 
condi t ion  for   the  panel   edges between s t i f f e n e r s .  The ends of t h e   s t i f f e n e r s   t h a t  
protruded beyond the  panel  edges were supported by a s ingle   ful l - length  knife-edge 
f i x t u r e  on each  s ide  of   the   panel .   Addi t ional   res t ra ints  were a p p l i e d   t o   t h e   c e n t e r  
of each   s t i f fener  on both  panels  and a t  t h e   s t i f f e n e r   q u a r t e r   p o i n t s  of panel 1-100 
t o  ensure  that   the   panels   buckled  into a mode representa t ive  of the  expected  general 
i n s t a b i l i t y  mode of the  cyl inder .  

Specimen  end shortening w a s  measured  with direct   current  displacement  transduc- 
ers. 3 l ec t r i ca l   r e s i s t ance   s t r a in   gages  were used t o  monitor   longi tudinal   s t ra ins .  
A moire-fringe  procedure was used t o  observe  the  buckling mode pa t t e rn  of  the  panel 
surface.  The load,  end  shortening,  and a l l   s t ra in-gage   readings  were  recorded by an 
electronic   data   acquis i t ion  system. 

RESULTS AND D I S C U S S I O N  

The r e s u l t s  from t h e   t e s t s  of t he   e igh t   pane l s   a r e  summarized i n  t a b l e  2.  The 
in i t ia l   buckl ing   loads ,   de te rmined  by us ing   t he   s t r a in   r eve r sa l  method, a re   g iven   in  
the  table  normalized by the  design  load  of  157.6 kN/m. The l o n g i t u d i n a l   s t i f f n e s s  
( load  per   uni t   width  divided by s t r a i n )  w a s  determined  from  the  average of t he  slopes 
of the  load-strain  curves  obtained from s t r a i n  gages a t   the   mid length  of each  panel; 
these  values   are   given i n  t a b l e  2.  The values of mass per   un i t   a rea   for   each   pane l  
a re   a l so   g iven   in   the   t ab le .  The values of mass pe r   un i t  area given  for   panels  1-36 
and 2-36 inc lude   the   jo in t   mater ia l s  and r ive t s   a s   we l l   a s   t he   r e in fo rc ing   ma te r i a l  
a t   t h e  ends of the  panels  but do not  include  the  scalloped aluminum load-introduction 
f i x t u r e s .  For  panels 1-100 and 2-100, t h e   s t i f f e n e r s  and r ive ts   a re   inc luded  i n  the  
mass values  - 

Shell-Wall  Panels 

The t e s t   r e s u l t s  from t h e   f i r s t  two shel l -wal l   panels ,  1-24 and 2-24, i n d i c a t e  
tha t   the   cor ruga t ion  crown design  with  four 00 p l i e s  i n  the  crowns buckled  locally a t  
74 and 78 percent of the  desired  design  load.   (See  table  2 . )  Back-to-back s t r a i n -  
gage  and  end-sh?rtening  data,  typical of these  two panels ,  are shown i n   f i g u r e s  7 
and  8,  and  moire-fringe  patterns  for  the  buckled  corrugation crowns are shown i n  
f i g u r e  9. Local  bending  about  the crown midsurface  begins a t  a l o w  load   leve l   for  
some p a r t s  of the  crowns  and g r o w s  u n t i l   s t r a i n   r e v e r s a l   o c c u r s   a s  shown  by the  back- 
to-back  strain-gage  response  curves  in  f igure 7. These local buckle modes i n   t h e  
crowns cause a dec rease   i n   t he   ove ra l l   pane l   l ong i tud ina l   s t i f fnes s  which causes  the 
pane l   to   buckle  a t  a load below the  design  load as indica ted  by the  change i n  slope 
of the  load-deflect ion  curve  in   f igure 8. Loading f o r  these two panels w a s  stopped 
a t  88  and 86 percent  of the  design  -load  because of large  local   deformations a t  the  
panel  edges  between  the  side  support  fixture  and  the  end  potting  material. 
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Thickness  measurements  of  the  corrugation crown cross   sec t ions   in   pane ls  1-24 
and 2-24 revealed  that   the   cur ing  process   caused  thinner  crowns than  ant ic ipated.  As 
a r e s u l t  of the   appl ied   p ressure   dur ing   the   cur ing   process ,   the  Oo plies, unl ike   the  
450 cross  plies (see f i g .  1 )  , were pressed   in to  one another ;   thereby  the  thickness  
of   the Oo material w a s  reduced. The layer  of Oo plies (shown cross-ha tched   in   the  
sketches)  became th inner  and  wider  than  the  idealized  design  represented by 
ske tch  A. The encapsulated Oo material t a p e r e d   t o  a po in t  a t  its edges  and  pushed 
out between the  f4S0 o u t e r   p l i e s  as i n d i c a t e d   i n   s k e t c h  B. Using the   as - fabr ica ted  
cross   sect ion  with  the  thinner   and wider l aye r s  of Oo plies, BOSOR4 ( r e f .  7)  buckling 
analyses   suggested  that   the   reduced  bending  s t i f fness   in   the crowns caused  the prema- 
ture   local   buckl ing  to   occur .   Therefore ,   the  BOSOR4 r e s u l t s   i n d i c a t e   t h a t   t h e  buck- 
l i ng   l oads  of these  thin-gage  s t ructural  components are s e n s i t i v e   t o  minor th ickness  
va r i a t ions .  

I d e a l i z e d   d e s i g n   A s - f a b r i c a t e d   c r o s s   s e c t i o n  

Sketch A Sketch B 

Panels 3-24 and 4-24 were fabr ica ted   wi th   an   addi t iona l  Oo ply   in   each  crown 
( f i g .  1 ( b )  ) t o  of €set the   th inning  of t he  Oo plies and t o  raise the   loca l   buckl ing  
s t r eng th  of the   cor ruga t ion  crowns. An add i t iona l   mod i f i ca t ion   i nco rpora t ed   i n   t h i s  
re f ined   cor ruga t ion  crown design w a s  a minor increase   in   the   wid th  of t h e  Oo p l i e s   t o  
-reduce  the amount of t ape r  a t  the  edges  of  the Oo material. Typical   resul ts   €or   the 
she l l -wal l   pane ls   wi th   f ive  Oo p l i e s   i n   t h e  crowns are shown i n   f i g u r e s  10, 1 1 ,  
and 12. The resu l t s   for   she l l -wal l   pane ls  3-24 and 4-24 show t h a t   t h e  crown corruga- 
t ion  design  with  f ive Oo p l i e s  raises t h e   i n i t i a l  crown buckl ing   s t rength   to  95 and 
93 percent  of the  design  load,   respect ively.  The r e su l t i ng   i nc rease   i n   ove ra l l   pane l  
s t i f fnes s   a l l owed   t he   pane l s   t o   ca r ry   l oads  above the  design  load  (panel 3-24 was 
loaded to 106 percent  of design  load and panel 4-24 f a i l e d  a t  116 percent  of design 
load) .  These  changes to   t he   co r ruga t ion  crown design were a l so   incorpora ted   in to   the  
longi tudina l - jo in t  and load-introduction  panels  and  the  st iefened  panels.  

Longitudinal-Joint and Load-Introduction  Panels 

Resul t s   typ ica l  of the  longi tudinal- joint   and  load-introduct ion  panels  are shown 
i n   f i g u r e s  13 and 14. These r e su l t s   i nd ica t e   t ha t   t he   l ong i tud ina l - jo in t  and  load- 
introduct ion  panels  have  response  character is t ics  similar to   she l l -wal l   pane ls   wi th  
the  improved  design. The corrugation crowns  of panels  1-36 and 2-36 buckled a t  104 
and 103 percent  of the  design  load and the  maximum loads   appl ied   to   these   pane ls  were 
121 and 130 percent ,   respec t ive ly .  The r e s u l t s  ( t ab le  2 )  i nd ica t e   t ha t   t he   l ong i tu -  
d i n a l   j o i n t   h a s  l i t t l e  e f f e c t  on the   pane l   l ong i tud ina l   s t i f fnes s ,  and t h e  
longi tudina l - jo in t  and load-introduction  design w i l l  support   the  design  load  without 
s t r e n g t h   f a i l u r e s .  
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Stiffened  Panels  

Resul ts  of the  t w o  s t i f fened   pane l  tests indica te   tha t   pane l   buckl ing   occur red  
a t  94 and 84 percent of the  design  load.  Typical  strain-gage and end-shortening  data 
for   pane l  1-100 are shown i n   f i g u r e s  15 and 16. The response of the  back-to-back 
strain-gage pairs indicates  that   the  panel  buckles  without any evidence of l o c a l  
buckl ing  of   the  corrugat ion-crowns.   These  resul ts   suggest   that   the   res t ra int   pro-  
vided by t h e   s t i f f e n e r s  is less than   the   res t ra in t   p rovided  by the  end  conditions of 
the   shor te r   she l l -wal l   pane ls .   Af te r   in i t ia l   buckl ing   occur red ,   l a rge   loca l  deforma- 
t i o n s  a t  the  edge  support   f ixtures of panels 1-100 and 2-100 caused  local material 
f a i lu re s   t o   p ropaga te   ac ross   t he   pane l s   a t   app rox ima te ly  98 and 92 percent of t h e  
design  load,  respectively.  There  were no ind ica t ions  of  any r ing-at tachment   fa i lures  
for   these  tes ts ;   therefore ,   the   r ing-at tachment  method should  be  expected t o  perform 
sa t i s f ac to r i ly   a t   t he   des ign   l oad .  

CONCLUDING REMARKS 

Three  s izes  of f l a t  open-corrugation  graphite-epoxy  panels  were  tested  to  verify 
se l ec t ed   s t ruc tu ra l   des ign   de t a i l s  of a r ing-st i f fened  corrugated  cyl inder .  The 
cyl inder  was designed t o  support an axial  compressive  load of 157.6 kN/m without 
buckling. The t e s t   r e su l t s   i nd ica t e   t ha t   t he   buck l ing   l oad  of the  thin-gage  corruga- 
t i o n  crown design is sens i t i ve  t o  small thickness   var ia t ions  associated  with  the 
fabr ica t ion   process .  The shell-wall   design w a s  modified to   prevent   premature crown 
buckl ing,   and  the  resul ts  of subsequent tests indica te   tha t   the   modi f ied   she l l -wal l  
design,   the   longi tudinal   joint ,   the   load-introduct ion method,  and the   s t i f f ene r -  
attachment method for   the  proposed  cyl inder   have  adequate   s t rength t o  support   the  
design  load. 

Langley  Research  Center 
National  Aeronautics  and  Space  Administration 
Hampton, VA 23665 
February 16,  1982 
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TABLE 1.- LAMINA  MATERIAL  PROPERTIES 

Lamina  thickness, cm ......................................................... 0.014 
Modulus  in  fiber  direction,  GN/m2 ............................................ 131 . O  
Modulus  in  transverse  direction,  GN/m2 ........................................ 13.0 
Lamina  shear  modulus,  GN/m2 ................................................... 6.41 
Major  Poisson's  ratio ........................................................ 0.380 
Lamina  density,  kg/m3 ......................................................... 1522 

TABLE 2.- SUMMARY OF TEST  RESULTS 

Crown Initial  buckling  load Mass  per Load  per  unit  width 
Panel thickness, Design  loada 

unit  area, 
cm Strain, MN/m kg/m 2 - . ~~ 

- . . . . . . . . . . . . . . . .  

1-24 

1.58 71.8 .93 .120 4-24 
1.62  73.6  .95 .I20 3-24 
1.32 63.0 78 .lo7 2-24 
1.47 64.8 0.74 0.109 

1-36  0.127  1.04 71.8 b2 .45 
2-36 b2. 39 71.8 1.03 .127 

~ 

. . . . . . . . . . . . . . . .  . .  

1-100 
'2.03  73.6 .84 .129  2-1 00 
c2 .22  73.6  0.94  0.125 

~- 

aDesign  load  equals  157.6  kN/m. 
bIncludes  mass of joint  materials  and  rivets  as  well  as  reinforcing  material 

CIncludes mass of sti  Efeners  and  rivets. 
at  end of panel. 
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Figure 1.- Corrugation cross-section geometric details., 
Dimensions are in centimeters. 
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Figure 2.- Typical 60.96-cm-long compression test  panel. 
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Figure 3 . -  Geometric d e t a i l s  of 91.44-cm-long panels   with  longi tudinal- joint  
and  load-introduction  f ixtures.  Dimensions are in  centimeters.  
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Dimensions are in   cen t imeters .  
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Figure 7.- Back-to-back strain-gage responses of adjacent  corrugation 
crowns f o r  panel 2-24. 
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Figure 8.- End shortening as function of applied load for panel 2-24. 
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(a) Applied  load, 118  kN/m. (b) Applied  load, 136  kN/m. 
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Figure 10.- Back-to-back strain-gage  responses of adjacent  corrugation 
crowns for panel 4-24. 
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Figure 11.- End shortening as function of applied load for panel 4-24. 



c 

si 
- 4  

I 

-Moi 
gri 

.sin 
3esA 

( a )  Applied  load, 146 kN/rn. (b) Applied  load, 175 kN/m. 
L-82- 1 14 

Figure 12.- Moirg-fringe  patterns  for  panel 4-24 showing  development of local 
buckle mode of crowns. 
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Figure 15.- Back-to-back strain-gage  responses of adjacent  corrugation 
crowns for  panel 1-100. 
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